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Abstract: 1 
Background. Segmental biomechanics of the scoliotic spine are important since the overall spinal 2 
deformity is comprised of the cumulative coronal and axial rotations of individual joints. This study 3 
investigates the coronal plane segmental biomechanics for adolescent idiopathic scoliosis patients  4 
in response to physiologically relevant axial compression.  5 
Methods. Individual spinal joint compliance in the coronal plane was measured for a series of 15 6 
idiopathic scoliosis patients using axially loaded magnetic resonance imaging. Each patient was first 7 
imaged in the supine position with no axial load, and then again following application of an axial 8 
compressive load. Coronal plane disc wedge angles in the unloaded and loaded configurations were 9 
measured. Joint moments exerted by the axial compressive load were used to derive estimates of 10 
individual joint compliance. 11 
Findings. The mean standing major Cobb angle for this patient series was 46o. Mean intra-observer 12 
measurement error for endplate inclination was 1.6˚. Following loading, initially highly wedged discs 13 
demonstrated a smaller change in wedge angle, than less wedged discs for certain spinal levels 14 
(+2,+1,-2 relative to the apex, (p<0.05)). Highly wedged discs were observed near the apex of the 15 
curve, which corresponded to lower joint compliance in the apical region. 16 
Interpretation. While individual patients exhibit substantial variability in disc wedge angles and joint 17 
compliance, overall there is a pattern of increased disc wedging near the curve apex, and reduced 18 
joint compliance in this region. Approaches such as this can provide valuable biomechanical data on 19 
in vivo spinal biomechanics of the scoliotic spine, for analysis of deformity progression and surgical 20 
planning. 21 
 22 
Keywords: 23 
Adolescent idiopathic scoliosis, spine biomechanics, joint compliance, flexibility, magnetic resonance 24 
imaging, axial loading 25 
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1.0 Introduction: 1 
Scoliosis is a three dimensional deformity of the spine, involving rotation of the vertebrae in both 2 
the coronal and transverse planes. Adolescent idiopathic scoliosis (AIS) is the most common type of 3 
deformity, for which there is no known cause or cure. The spinal deformity is characterised clinically 4 
using the Cobb method [1] which provides an angular measurement of the overall deformity, as 5 
defined by the spinal levels at the cephalic and caudal limits of the major curve.  6 
There is still much to learn regarding biomechanical factors which define and characterise AIS 7 
deformity, particularly since mechanical loading on the spine has been implicated as a contributing 8 
factor in AIS aetiology [2] and deformity progression [3, 4]. While clinically, the Cobb method 9 
measuring spinal curvature in the coronal plane is an important and straightforward parameter for 10 
assessing deformity, this provides no quantitative information on the flexibility or biomechanics of 11 
the spinal segments [5-7]. To better understand level-wise spinal joint mechanics, Berger et al. [5] 12 
and Buchler et al. [6] presented results for the pre-operatively measured mechanical flexibility of 13 
individual spinal joints in AIS patients. These data were measured using a controlled traction force 14 
and presented new information on the variation in coronal plane flexibility throughout the major 15 
curve. 16 
In the upright posture, gravitational loading aligned with the longitudinal axis of the AIS spine is a 17 
significant component of the forces applied to the spine. The coronal curvature and axial rotation in 18 
the AIS spine change when patients move from a supine to a standing position [8-10]. Moreover, 19 
gravity-induced torque active on the spine during axial loading has been proposed as a 20 
biomechanical cause for the increase in axial vertebral rotation which is observed during growth of 21 
the AIS spine [3].  22 
While prior studies have demonstrated the crucial role played by biomechanical loading in 23 
influencing AIS deformity [8-14], rarely do they consider this influence in terms of the biomechanical 24 
behaviour of individual spinal joints (i.e. spinal segments).  Rather, assessment methods that 25 
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measure the behaviour of the overall deformity are employed, such as use of the Cobb method [1] 1 
and spinal shape classifications [15] to characterise coronal deformity. These provide information on 2 
only one aspect of the overall deformity. Conversely, segmental biomechanics are important since 3 
the overall spinal deformity is comprised of the cumulative coronal and axial rotations of individual 4 
joints, which themselves often deviate from the normal alignment of the spine. Hasler et al. [7] note 5 
that an understanding of how the three dimensional deformity of the spinal joints changes when 6 
loaded is essential in order to understand how the biomechanics of the spine changes in response to 7 
surgical treatment.   8 
In this study we investigate the segmental biomechanics of the scoliotic spine in response to axial 9 
compression. Axial compression is a physiologically relevant load case occurring due to body weight 10 
in the upright position. Although several prior studies have explored the change in Cobb angle 11 
between supine and standing (axially loaded) positions, to our knowledge there is no existing data 12 
on the relative segmental compliance in the scoliotic spine under axial compressive loading, despite 13 
this being a primary direction of loading. (Compliance, the inverse of stiffness, is a measure of the 14 
deformation produced by a given force.) Hence, the current study investigates the segmental 15 
compliance for a series of AIS patients who underwent supine MRI scanning, both with and without 16 
an axial compressive load. 17 
2.0 Materials and Methods: 18 
A series of 15 AIS patients who attended the spinal deformity clinic at the Mater Children’s Hospital 19 
in Brisbane, Australia underwent supine magnetic resonance imaging (MRI) scans unloaded and 20 
while simultaneously being subjected to axial compression using a custom-developed pneumatic 21 
compression device. The compression device and the MRI scanning procedure have previously been 22 
described in detail [16], so will be reported here only briefly. 23 
2.1 Compression Device: 24 
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The compression device was custom-developed to apply a user-defined axial compressive load along 1 
the length of the spinal column, and to maintain this load while the patient underwent a supine MRI 2 
scan (Figure 1). The device consisted of: a pneumatic actuator which was attached to a polyurethane 3 
footplate in which the patient’s feet were located; knee supports to ensure the patient did not 4 
hyperextend during the compression loading procedure; and nylon straps which attached the 5 
pneumatic actuator to a neoprene vest fitted to the patient’s torso. The device applied an axial 6 
compressive load to the spine primarily through contact between the straps of the vest and the 7 
patient’s shoulders. The compression device was activated remotely from the MRI control room 8 
imposing a pre-defined compressive force (maximum 500N) oriented axially along the spine. The 9 
device was manufactured from non-metallic components to permit operation within the magnetic 10 
field of the MRI scanner. 11 
2.2 MRI Scanning Procedure 12 
Ethical approval was granted by the Mater Hospital Human Research Ethics Committee to conduct 13 
this study and informed patient consent was obtained from all subjects and their parents prior to 14 
participation in the study. The patients were scanned in both an unloaded and loaded position in the 15 
same session using a Siemens Sonata 1.5T scanner (Siemens AG, Munich, Germany) using a T1 turbo 16 
spin echo sequence with acquisition time 9 minutes per sequence, a scan window of 21x28x8cm and 17 
1.1mm isotropic voxel resolution. A preliminary scout film was obtained first, in order to identify the 18 
relevant spinal region. Following this, the scan window was selected to ensure spinal levels included 19 
the major curve for each patient, which usually encapsulated both the thoracic and proximal lumbar 20 
spine. The patients were positioned supine and the pelvis was in a neutral position during the 21 
unloaded scan procedure. A removable oil capsule was attached to the patient’s skin at the bony 22 
prominence of T2, to provide an external anatomical reference on both the unloaded and loaded MR 23 
images. 24 
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Following the unloaded scan a compressive axial load equivalent to 50% body weight was applied. 1 
To ensure relaxation of the spinal tissues, this load was first maintained for five minutes [10], before 2 
the  second MRI scan was obtained with the patient in this loaded condition. 3 
2.3 Image Analysis and Processing 4 
Segmental flexibility was assessed in the coronal plane by measuring the disc wedge angle in both 5 
the unloaded and loaded conditions, for the spinal levels within the major structural curve (Table 1). 6 
In order to measure the wedge angles, the unloaded and loaded 3D MRI scans for each patient were 7 
reformatted using ImageJ (National Institutes of Health, USA) to create coronal plane images from 8 
which wedge angle measurements were obtained. In order to reformat the MRI scans, the full 9 
dataset was first imported into ImageJ and the stack reformatted to obtain a sagittal plane image 10 
sequence. The uppermost and lowermost spinal levels included in the image datasets were 11 
identified by first identifying the osseous anatomy on both the scout film and the full MRI datasets 12 
and then using the location of the oil capsule (which was easily visualised on MRI) as a reference 13 
between the unloaded and loaded scans. Using the sagittal image sequences, a segmental selection 14 
tool was employed to obtain a piecewise line joining a series of user-defined points located at the 15 
mid-points of the vertebral bodies in the antero-posterior and supero-inferior directions (Figure 2A). 16 
(Note, the mid-point in the lateral direction was defined as level with the entry of the nutrient 17 
arteries in the posterior vertebral cortex.) Finally, a reformatted image was created along the 18 
trajectory of this piecewise line to create a pseudo-coronal plane image of the spine, which showed 19 
a projection of the mid-coronal plane passing through the midline of each vertebral body (Figure 2B). 20 
This projection was used in order to allow a clear frontal view of each of the discs for wedge angle 21 
measurement. For each of the 15 patients, a reformatted coronal image of the spine was created for 22 
both the unloaded and loaded conditions. 23 
On each of the coronal reformatted images, the upper and lower endplates of each vertebra were 24 
demarcated (Figure 2C) and the angles of these lines (relative to the scanner axial plane) measured 25 
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using ImageJ’s angle measurement tool. Note, since the piecewise line used to create the 1 
reformatted coronal image was curved (Figure 2A), the axial length (in pixels) of the resulting 2 
reformatted image was slightly larger than the number of transverse slices in the original dataset. 3 
For example, for the patient shown in Figure 2, the height of the pseudo-coronal image in Figure 2B 4 
is 259 pixels, whereas there were 256 pixels in the original dataset (Figure 2A). This represented a 5 
small magnitude tan error (error in the tangent of the angle, less than 2%) when measuring the 6 
endplate angles. Correctly scaled endplate angles were calculated by including an axial scaling factor 7 
in the tan calculation for each endplate. 8 
2.3.1 Calculating Major Curve Cobb Angle and Disc Wedge Angles 9 
The difference in angular measurements between the endplates in adjacent vertebrae within the 10 
major curve, was used to calculate the wedge angles of the intervertebral discs in the coronal plane 11 
(Figure 2D). A wedge angle in the same direction as the convexity of the major curve was defined as 12 
a positive wedge angle; a wedge angle in the opposite direction to the convexity of the major curve 13 
was a negative angle; and if the endplates were parallel, the wedge angle was zero. These wedge 14 
angles were calculated using both the unloaded and loaded spine images for each patient. The 15 
locations of the intervertebral discs were numbered relative to the apical vertebra of the major 16 
curve (both the apical vertebra and major curve end vertebrae were defined clinically). The apical 17 
vertebra was numbered as zero and intervertebral disc spaces cephalic and caudal to the apical 18 
vertebra expressed as positive and negative increments from the apex, respectively. If the apex of 19 
the curve was an intervertebral disc space, the vertebra cephalic to the disc space was defined as the 20 
apex and denoted as zero.  21 
The change in the coronal wedge angle between the unloaded and loaded condition was calculated 22 
for each intervertebral disc space within the major curve for each patient. This change in wedge 23 
angle was expressed as a percentage of the increase in Cobb angle between the unloaded and 24 
loaded condition. This percentage provided a measure of the relative contribution of individual disc 25 
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wedging to the overall increase in major curve Cobb angle on application of the axial load. For 1 
example, if the Cobb angle for a patient’s major curve increased by 10o upon axial loading, and the 2 
wedge angle for a disc within this major curve increased by 3° upon loading, then the relative change 3 
in wedge angle for this disc would be 30% of the change in major Cobb angle. The Cobb angle of the 4 
major curve was calculated using the method defined by Cobb [1], whereby the angle of inclination 5 
of the vertebral endplates at the limits of the curve were used to calculate the included Cobb angle 6 
(Figure 2E).  7 
2.4 Data Analysis of Wedge Angles  8 
To determine intra-observer measurement variability, the vertebral endplate inclinations were 9 
measured on three separate occasions by a single observer and the mean absolute intra-observer 10 
error (difference between successive pairs of measurements) in measured vertebral endplate angle 11 
was calculated between the three sets of measurements. This intra-observer error was calculated 12 
for the unloaded and loaded image datasets as well as a combined value for all angular 13 
measurements. 14 
In order to better understand the relative contribution of the intervertebral disc angles to the overall 15 
deformity, the signed sum of the disc wedge angles and vertebral wedge angles (calculated as the 16 
difference in angular measurements of the superior and inferior endplates for each vertebral body) 17 
within the major curve were compared to the Cobb angle in both the unloaded and loaded 18 
conditions. These data were compared for each patient. 19 
Assessment of statistically significant differences between the derived wedge angle parameters 20 
were performed using a Mann-Whitney Test, with significance defined as p < 0.05 (SigmaXL, SigmaXL 21 
Inc., ON, Canada). Linear regression analysis was performed with a significance threshold of p < 0.05. 22 
2.5 Segmental Compliance 23 
9 
 
In order to obtain a measurement of the mechanical compliance of individual spinal joints within the 1 
limits of the major curve, the coronal plane bending moment applied at each intervertebral joint due 2 
to the axial compressive load was calculated. The calculated compliance provided a measure of the 3 
overall joint stiffness at each spinal level, without resolution at the tissue level (eg. spinal ligaments, 4 
muscles, cartilage and intervertebral disc tissues).  5 
The loaded MRI scans did not consistently include the cervical or lower lumbar and sacral spinal 6 
levels, therefore, it was not possible to locate either a plumb line (from the centre of the C7 7 
vertebra) or a central sacral line. Hence, in the context of this study, the joint moments were defined 8 
in relation to the vertebral body at the lower limit of the deformity (i.e. the inferior vertebra of the 9 
major curve), which is generally located very close to the mid-sagittal plane on full spine images and 10 
is therefore considered to be a reasonable reference location for zero coronal plane moment. 11 
The coronal plane joint moment for a particular spinal joint was calculated as the product of the 12 
externally applied axial force (50% body weight, assumed to be constant throughout all vertebrae in 13 
the major curve) and the perpendicular distance between the centroid of the vertebra immediately 14 
cephalic to the joint of interest and an axial line (representing the mid-sagittal plane) passing 15 
through the coronal centroid of the lowermost vertebral body in the major curve (as described in the 16 
previous paragraph) (Figure 3). The axial line was drawn parallel to the axis of the scanner bed. The 17 
coronal centroid of each vertebral body was defined as the intersection between two diagonal lines 18 
joining the superior and inferior lateral corners of the vertebral body when viewed on the 19 
reformatted ‘pseudo-coronal’ image (Figure 3A). The perpendicular distance from a coronal centroid 20 
to the mid-sagittal plane (white dotted line in Figure 3B) is referred to as a lever arm. The joint 21 
compliance was calculated as the ratio between the change in intervertebral wedge angle under 22 
axial loading and the joint moment resulting from the applied loading [13]. The compliance (Rlevel) 23 
was calculated as follows: 24 
Rlevel = ∆Ø / MLevel 25 
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where, RLevel = Compliance of individual spinal level (degrees per Nm) 1 
 ∆Ø = change in intervertebral wedge angle between unloaded and loaded condition  2 
(in degrees) 3 
 MLevel = coronal plane moment acting at the vertebral body immediately cephalic to the disc 4 
of interest (in Nm) 5 
3.0 Results 6 
The demographics of the 15 AIS patients (14 female) included in the study are listed in Table 1. The 7 
mean clinically measured (standing) major Cobb angle for all patients was 46o (SD1 10o), the mean 8 
patient age was 15.3 years (SD 1.4 years) and all patients had right thoracic major curves. The mean 9 
absolute intra-observer errors in measurement of vertebral endplate inclination were 1.7o (SD 1.4o, 10 
CI2 ± 2.7o), 1.6o (SD 1.8o, CI ± 3.5o) and 1.6o (SD 1.6o, CI ± 3.1o) for unloaded measurements, loaded 11 
measurements and overall (combining unloaded and loaded measurements) respectively. 12 
3.1 Major Curve Characteristics 13 
For the 15 patients, there was a mean increase in Cobb angle between the unloaded and loaded 14 
condition of 7.6o (SD 3.9o). The change in Cobb angle between the unloaded and loaded supine scans 15 
was compared with the change in Cobb angle between the unloaded supine scan and the clinically 16 
measured standing Cobb angle. When comparing all 15 patients, there was no significant difference 17 
between these difference data, with the Pearson correlation co-efficient (r value) equal to 0.420 (p = 18 
0.119).  19 
Figure 4 shows the change in intervertebral wedge angle between the unloaded and loaded 20 
conditions vs spinal level relative to the apex. In most cases, axial loading caused an increase in 21 
wedge angle of the intervertebral discs in the major curve as indicated by the mean change in wedge 22 
angle shown in Figure 4. However, in some instances, the wedge angles of individual discs decreased 23 
following axial loading as is shown by the negative data points. Patients 3 and 6 demonstrated less 24 
                                                          
1
 Standard Deviation 
2
 95% Confidence Interval, CI = 1.96 x Standard Deviation 
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than 1o change in Cobb angle between the unloaded and loaded conditions (0.8o and -0.5o, 1 
respectively) even though the change in individual spinal joint wedge angle ranged from -2.5o to 4.2o 2 
for Patient 3 and -2.3 o to 3.8o for Patient 6 (Figure 4).  3 
Figure 5 shows the mean values of the individual joint wedge angles as a percentage of major curve 4 
Cobb angle, for both the unloaded and loaded condition (i.e. unloaded wedge angle as a percentage 5 
of unloaded Cobb angle, loaded wedge angle as a percentage of loaded Cobb angle). In both the 6 
unloaded and loaded conditions, the discs toward the apex of the curve contribute the largest 7 
portion of the coronal deformity, with diminishing percentages caudal and cephalic to the apex. 8 
Figure 6 shows the relationship between the change in intervertebral wedge angle following axial 9 
loading and the unloaded wedge angle. The majority of discs demonstrated a positive unloaded 10 
wedge angle (open toward the convexity of the deformity) and an increase in wedge angle following 11 
axial loading. However, in approximately one third of the discs measured, the wedge angle of the 12 
positively wedged disc decreased following loading. The wedge angle for initially negatively wedged 13 
discs (open toward the concavity of the deformity) always increased on application of compressive 14 
load. Linear regression analysis showed a significant inverse relationship between the unloaded 15 
wedge angle (independent variable) and the change in wedge angle (dependent variable) for spinal 16 
levels +2, +1 and -2 (p < 0.05) (Figure 6). For these spinal levels, the change in wedge angle 17 
decreased with increasing initial (unloaded) wedge angle.  18 
Figure 7 shows the relationship between the cumulative disc wedge angle (sum of all the individual 19 
disc wedge angles in the major curve) and the major curve Cobb angle, for both the unloaded and 20 
loaded scans.  Note that if the major Cobb angle had been comprised entirely of wedging in the 21 
discs, the points on this graph would lie on the reference line inclined at 45 degrees to the x-axis. 22 
The fact that the actual data points for this series of patients lie below the reference line, shows that 23 
a proportion of their major Cobb angles was comprised of wedging in the vertebral bodies. There 24 
was a significant difference (p<0.05) between the unloaded and loaded conditions, when comparing 25 
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the cumulative coronal deformity due to disc wedging. With increasing Cobb angle, the cumulative 1 
disc wedge angle increased for both the unloaded and loaded conditions. In some instances, the 2 
cumulative disc wedge angle was effectively 100% of the Cobb angle (eg. Patient 12, Cumulative Disc 3 
Wedge=42o, Cobb angle=41o). For these patients, there was little or no wedging of the vertebral 4 
bodies and the difference between the total disc wedge angle and the Cobb angle was less than the 5 
intra-observer error. 6 
3.2 Segmental Compliance 7 
Figure 8 shows the coronal plane moments (Nm) for all 15 patients at the vertebrae immediately 8 
cephalic to the joint of interest and the mean compliance (degrees/Nm) at each spinal joint level in 9 
the major curve. While there was no significant difference between the mean joint compliance 10 
between each spinal level (p>>0.05), the mean compliance at each spinal level showed a general 11 
trend to decrease from the cephalic limit of the major curve, towards the spinal level immediately 12 
caudal to the apex and then increase toward the caudal limit of the curve.   For intervertebral discs 13 
where the change in wedge angle was negative (Figure 4), the joint compliance was a negative value 14 
(Figure 8B). 15 
4.0 Discussion 16 
The current study investigated segmental compliance in the AIS spine under axial compressive 17 
loading. An in vivo biomechanical testing protocol which involved applying an axial compressive load 18 
(50% of body weight) in a series of 15 AIS patients was carried out in the supine position, and the 19 
change in coronal deformity, both of the overall spine and of the individual intervertebral joints, was 20 
measured from reformatted 3D MRI images.  21 
The mean change in Cobb angle between unloaded and loaded MRI scans reported in this study 22 
(7.5⁰, SD 3.9o) is in the same range as previous reports on the difference between supine and 23 
standing Cobb angles – Torell et al [9] reported a mean increase in coronal Cobb angle of 9o (SD, 6o) 24 
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when comparing the standing and supine posture in scoliosis patients. Similar to the current study, 1 
Wessberg et al [10] found a mean difference in coronal Cobb angle of 8o and mean intra-observer 2 
measurement variability of 2o when comparing unloaded and axially loaded MRI scans (applying 40% 3 
body weight) for AIS patients. This consistency between studies provides support for the use of an 4 
axial load of 50% body weight to simulate relaxed standing in the supine position.  5 
Prior studies have demonstrated a 95% CI for intra-observer variability as high at 8o [17] and 10o [18] 6 
when measuring coronal plane deformity from radiographs (refer Adam et al. [19] for a summary). 7 
While the intra-observer variability observed in the current study (mean 1.6o, 95% CI 3.1o) was low in 8 
comparison to prior studies, small changes in the measured wedge angles should none-the-less be 9 
interpreted with caution. 10 
Results in this study show there was a general trend for the intervertebral wedge angle at spinal 11 
levels within the major curve to increase following axial loading (on average, a level-wise increase of 12 
1.5o). This finding seems reasonable given the major curve Cobb angle similarly increased following 13 
axial loading and the intervertebral discs are key structures in the spinal column which provide 14 
flexibility and motion between adjacent vertebrae. Furthermore, even in instances where the 15 
intervertebral discs had little or no wedge in the unloaded spine, these discs still showed a capacity 16 
to deform in response to axial loading, to create a wedged coronal deformity. In two of these five 17 
discs with minimal unloaded wedge angle, the compliance for the initially un-wedged discs was more 18 
than twice the mean compliance at that spinal level. 19 
Berger et al. [5] assessed subject-specific spinal stiffness in AIS patients using a novel traction device 20 
which applied an axially aligned traction force equivalent to 30% of the patient’s body weight. The 21 
mean lateral compliance for all spinal levels measured in five patients by Berger et al. [5] was 22 
0.67degrees/Nm (for the five spinal levels at the curve apex). This was similar to the mean 23 
compliance of 0.6 degree/Nm across all spinal levels, which was observed for the fifteen patients in 24 
the current study. Interestingly, similar to the findings in the current work, Buchler et al. [6] 25 
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observed a trend for decreasing joint compliance towards the apex of the major curve when 1 
studying AIS patients using the same axial traction device. However, the mean level-wise compliance 2 
values observed by Buchler et al. [6] were an order of magnitude lower than those observed for the 3 
current patient group, demonstrating the nonlinear nature of the spinal tissues in response to 4 
predominantly tensile compared to compressive loading. 5 
It is, however, interesting to note that in some instances the disc wedge angle decreased following 6 
axial loading, although this decrease in wedge angle between the unloaded and loaded condition 7 
should be interpreted in light of the cumulative intra-observer error contributed by both the 8 
unloaded and loaded endplate measurements. Similarly, in a longitudinal radiographic study of the 9 
progressive change in disc wedge angle over time, Stokes and Aronsson [20] found the coronal 10 
wedge angle for the majority of apical discs increased, however, in two cases the wedge angle 11 
decreased despite an increase in the Cobb angle. In the same study, these researchers also found a 12 
negative coronal wedge angle at the apical disc for one patient. The findings from this previous study 13 
support the observed decrease in wedge angle for several patients in the current study and suggest 14 
that for a small subset of patients, both positive and negative changes in individual wedge angles 15 
contribute to the overall measured Cobb angle. 16 
For two patients, the Cobb angle showed no change between the unloaded and loaded conditions, 17 
even though there were changes measured in the individual disc wedge angles within the major 18 
curve (Patients 3 and 6, Figure 4). This finding demonstrates the complexity of the biomechanics of 19 
the coronal deformity in thoracic AIS, indicating that measuring the change in deformity using the 20 
vertebral endplates at the limits of the curve (Cobb angle) may provide information on only one 21 
aspect of this deformity. In these two patients, the relative increase and decrease in individual 22 
wedge angles within the major curve balanced to produce little overall change in Cobb angle.  23 
In the typical AIS spinal motion segment, the deformity will manifest as abnormalities in the spinal 24 
anatomy, including coronal vertebral body wedging, asymmetry of posterior element anatomy [21, 25 
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22] and coronal intervertebral disc wedging. As a consequence of these anatomical abnormalities, it 1 
is likely that the motion of the deformed joint will be modified in comparison to that of a healthy 2 
motion segment and previous studies have observed asymmetry in the functional strength of the AIS 3 
spine [23]. The rotational motion observed in a spinal motion segment is intrinsically related to the 4 
muscular, ligamentous and osseous anatomy at the joint, with the interaction between these 5 
structures producing a centre about which rotational motion occurs. In the current study, it is not 6 
clear why in some instances, with a positive joint moment, the coronal disc wedge angle decreased 7 
following axial loading, resulting in a negative joint compliance. Since the change in disc wedge 8 
following axial loading is in part a result of rotation of the vertebral joint in the coronal plane, 9 
possibly this negative compliance is related to the position of the centre of rotational motion of the 10 
AIS spinal joint, which is likely displaced from the position observed for a healthy joint.  11 
Since the MRI scanning window was limited by the scanner capabilities and encompassed only the 12 
major thoracic curve for each patient, anatomical details for either the C7 vertebra or the sacrum 13 
were not available in all the datasets. In calculating the joint moments about the lowermost 14 
vertebral body in the major curve, the results presented in this study permit a relative comparison of 15 
joint compliance for each patient’s deformity. In most patients the lowermost vertebra is in line with 16 
the mid-sacral line in the coronal plane, since this is a transition point between the major and 17 
compensatory curves. The bending moment calculation assumes the long axis of the scanning 18 
window (i.e. global y axis) was aligned with the mid-sagittal plane of the spine. Care was taken to 19 
ensure that both the patient and the pneumatic device at the patient’s feet were aligned 20 
perpendicular to the axis of the scanner bed. Additionally, the oil capsule attached at the bony 21 
prominence of the T2 spinous process provided an external anatomical reference for comparison 22 
between both image datasets. 23 
The artefact in segmental stiffness as a result of relaxation of the spinal soft tissues and voluntary 24 
muscle activation by the patient is a limiting factor for all biomechanical investigations which seek to 25 
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develop a controlled loading method for evaluating flexibility of the spine [5, 6, 8]. To address this 1 
limitation, following application of the compressive load, we included a five minute period of 2 
relaxation which was first established by Wessberg et al. [10], to enable the patient to reposition 3 
and settle their torso prior to the second MRI scan.  4 
This study investigated axial compressive forces applied while the patient was supine. We note that 5 
this may not faithfully reproduce the physiologic loading applied while a patient is in the standing 6 
position. Firstly, due to the contact between the patient’s spine and the scanner bed, the axial 7 
deformity will tend to de-rotate. Secondly, the pneumatic compression device applied a compressive 8 
force at the shoulders while physiologically, this torso weight would be distributed through the 9 
thoracolumbar spinal column. Even so, the increase in Cobb angle between the unloaded and loaded 10 
condition was consistent with the findings of Torell et al [9], implying the method of load application 11 
in this study was consistent with the distribution of axial spinal loading during standing. 12 
5.0 Conclusion: 13 
In summary, the results show that for axial compression loading in a group of AIS patients with a 14 
right major thoracic curve, the unloaded disc wedge angle increased by 1.5o on average following 15 
axial loading, with a mean increase in major Cobb angle of 7.6o.  While in some cases the segmental 16 
wedge deformity in individual intervertebral joints was negligible or initially wedged toward the 17 
thoracic concavity in the unloaded supine position, in the majority of cases, upon axial loading, the 18 
intervertebral joint wedge angle ‘opened’ toward the convexity of the curve. The results of this study 19 
have contributed to understanding the biomechanics of the spinal joints in the major curve of the 20 
AIS spine, providing insight into the relationship between segmental compliance of the AIS spine and 21 
axial loads simulating the gravitational loads experienced by patients during daily activities. 22 
 23 
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7.0 Figure Captions: 1 
Figure 1. A patient positioned supine on the MRI scanner bed prior to undergoing axially loaded MRI. 2 
Patient is wearing the neoprene vest with nylon straps connecting the vest to the pneumatic 3 
actuator at their feet. 4 
Figure 2 Example of segmental and overall Cobb measurement technique: A. MRI image sequence 5 
reformatted in the sagittal plane, showing piecewise line (yellow line) used to define the pseudo-6 
coronal plane, joining the centre of the vertebral bodies from T3 to L3 ; B. Reformatted ‘pseudo-7 
coronal’ image showing the mid-coronal plane through each vertebra (Note, the axial length of this 8 
reformatted image is 259 pixels, while there were 256 axial slices in the original MRI dataset, 9 
however the slight stretch introduced by the curvature of the pseudo-coronal plane is corrected by 10 
scaling.); C. The same reformatted coronal image showing user-defined selection (grey lines) for the 11 
upper and lower endplates; D. Intervertebral disc wedge angle is calculated as the difference 12 
between the inclination angles of the superior and inferior endplates at the joint (αSup’r EP = 13 
inclination of the superior endplate; αInf’r EP = inclination of the inferior endplate); E. Cobb angle, θ, is 14 
measured between the limits of the major curve [1], T6-T11 for this patient (shown in red). 15 
Figure 3 Method for calculating the joint moment from the loaded MRI scan. A. Reformatted 16 
‘pseudo-coronal’ image showing the mid-coronal plane through a vertebral body and the method for 17 
determining the vertebral body centroid in the pseudo-coronal plane (yellow dots). B. Reformatted 18 
‘pseudo-coronal’ image showing the mid-coronal plane. White lines show the lever arm, which is the 19 
lateral distance between the centroid of a vertebra and the mid-sagittal plane (white dotted line). 20 
The mid-sagittal plane was assumed to pass through the centroid of the lowermost vertebra in the 21 
major curve – l1 to l5. Red lines demarcate the limits of the major curve. C. Schematic showing the 22 
method for calculating the joint moments due to axial compressive force. 23 
Figure 4 Change in disc wedge angle between the unloaded and loaded condition (the dashed lines 24 
join the maximum and minimum angle at each spinal level). Note that the unloaded wedge angles at 25 
the -2 Disc for patient 13 changed from open toward the deformity concavity (negatively wedged) to 26 
open toward the convexity (positively wedged) following axial loading, resulting in a change in angle 27 
of 12.7 degrees. The solid black line joins the data points for the mean change in wedge angle. 28 
Figure 5 Mean values for the disc wedge angle as a percentage of the major Cobb angle, for both the 29 
unloaded and loaded condition. Mean values are averaged for all patients. 30 
Figure 6 Change in wedge angle between the unloaded and loaded condition (degrees), compared to 31 
the unloaded wedge angle (degrees). Results are presented for each spinal level, normalized to the 32 
apex of the curve. R2 and p values are shown for a linear regression analysis with change in wedge 33 
angle as the dependent variable. 34 
Figure 7 Relationship between the cumulative disc wedge angle (sum of all the disc wedge angles in 35 
a major curve) and the major Cobb angle for the unloaded and loaded conditions. Linear regression 36 
lines, equations and R2 values are shown for both the unloaded and loaded data. The reference line 37 
(ie y=x) represents a cumulative disc wedge angle equivalent to the major Cobb angle. (i.e. all 38 
wedging is in the discs) The distance between the unloaded/loaded regression lines and the 39 
reference line indicates the proportion of wedging in the vertebrae. 40 
21 
 
Figure 8 A. Joint moment (Nm). If the apex of the curve and the centroid of the vertebra of interest 1 
fell on opposite sides of the axial, mid-sagittal line (white line in Figure 3), the lever arm was 2 
negative and the resulting joint moment was a negative value. B. Mean joint compliance 3 
(degrees/Nm) at spinal levels within the major curve. Error bars show one standard deviation from 4 
the mean. 5 
8.0 Table Caption 6 
Table 1 Patient demographics. All patients demonstrated a primary thoracic deformity to the right.  7 
Major Cobb angle was measured clinically from a standing radiograph.  * Patient 3 was wearing a 8 
brace in this standing radiograph. ** Identifies the male patient, all others were female 9 
 10 
 11 
Table 1 Patient details. All patients demonstrated a primary thoracic deformity to the right.  Major Cobb angle was measured clinically by an experienced 
surgeon from the standing radiographs.  * Major clinical Cobb angle for patient 3 was measured from a standing radiograph while braced. ** identifies the 
male patient, all others were female.  
Patient Age (years) 
Height 
(cm) 
Weight 
(kg) 
Major 
Clinical 
Cobb Angle 
(degrees) 
Spinal Level at 
Apex of Curve 
Limits of 
Structural 
Curve 
1 16.2 165 63.0 42 T7 T5 – T10 
2 14.3 171 59.1 44 T9 T5 – T12 
3 12.5 152 37.6 33* T8-T9 T5 – T11 
4 14.9 167 57.3 64 T9 T5 – T12 
5 14.2 161 49.0 50 T8-T9 T5 – T12 
6 17.6 160 61.0 58 T8 T5 – T10 
7 16.0 169 61.5 38 T7-T8 T5 – T10 
8 14.6 164 45.5 58 T8-T9 T6 – T12 
9 14.4 164 63.5 38 T8 T4 – T11 
10 13.4 166 58.6 40 T9 T5 – T12 
11 16.0 164 56.8 35 T9 T6 – T11 
12 16.9 168 65.8 35 T8 T6 – T11 
13 15.9 164 52.5 42 T9 T6 – T12 
14** 17.1 176 75.5 60 T8-T9 T4 – T11 
15 15.0 165 60.0 38 T8 T5 – T11 
Average: 15.3 ± 1.4 165 ± 5 57.8 ± 9.0 46 ± 10   
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